Inactivation of potassium channels plays an important role in shaping the electrical signalling properties of nerve and muscle cells. While it has been assumed that the rapid inactivation of the Kv1.4 channel is controlled by a "ball and chain" inactivation mechanism, the chain structure of the channel has not been well defined. Here, by conducting electrophysiological studies on variants containing mutations of the positively charged and negatively charged segments of the NH 2 -terminal of the channel protein, we show that neutralization or deletion of the positively charged segment (residues 83-98) significantly slowed the inactivation process. Replacement of this positively charged segment with the negatively charged segment (residues 123-137), and vice versa, so that both segments were simultaneously positively or negatively charged, also slowed the inactivation process. Furthermore, the inactivation process was not changed when the positively charged and the negatively charged segments were interchanged. In contrast, the voltage dependence of activation and inactivation of the channels was not significantly altered by these mutants. These results indicate that the electrostatic interaction between the positively and negatively charged segments plays a critical role in the inactivation process of the Kv1.4 channel. Taken together, we propose that the electrostatic interaction accelerates the inactivation of the Kv1.4 channel by making it easier for the inactivation ball to access its binding site.
Introduction
Rapid inactivation has been studied extensively in both voltage-gated Na + and K + channels. In Na + channels, inactivation is important for terminating and setting the firing frequency of the nerve impulse, while in K + channels it shapes the action potentials of many types of excitable cells [1] . To explain the rapid inactivation of the Na + channel, Armstrong and Bezanilla proposed a "ball and chain" model in 1977 [2] . In this model the inactivation process involves binding of a loosely-tethered ball to its receptor site at the intracellular mouth to occlude the pore [3] [4] [5] . The Drosophila Shaker K + channel (shB) was the first potassium ion channel described that shows characteristics of "ball and chain" style inactivation [6] [7] [8] [9] . Subsequently, several mammalian voltage-gated ion channels, including Kv1.4, Kv3.4, and Kv4.2, were suggested to inactivate through the "ball and chain" model [10] [11] [12] . This type of inactivation has also been called N-type inactivation, as rapid inactivation can be abolished by deletion of the inactivation ball at the NH 2 -terminus of the channels. In addition, exogenous peptides derived from the inactivation domain sequence, when applied from the cytoplasmic side, can restore or induce rapid inactivation currents in NH 2 -terminal deletion mutants or noninactivating channels, giving further evidence for the inactivation ball structure component of the channels [13] [14] [15] . Of all the channels with rapid inactivation properties, the shB channel is the one that best fits the "ball and chain" model. It has been shown that the NH 2 -terminal inactivation ball, constituted by the initial 20 amino acids, is tethered by its adjacent chain region (a peptide of approximately 60 residues). The ball can block the channel after it opens by diffusing into the mouth of the pore. Removing the NH 2 -terminal ball sequence of the Shaker channel eliminates rapid inactivation [6] , while application of a synthetic inactivation peptide to the channel from the cytoplasmic side restores rapid inactivation [7] [8] [9] . Furthermore, shortening the chain by deleting amino acids from the chain region between the inactivation ball and the T1 domain accelerates channel inactivation, whereas lengthening the chain by inserting amino acids decelerates inactivation, providing strong supporting evidence for the existence of the chain structure [6] . However, there is conflicting evidence for some channels suggesting that their rapid inactivation is not totally in accordance with the "ball and chain" model. For Na + channels, it has been suggested that rapid inactivation resembles the "hinged-lid" model used in allosteric Contents lists available at ScienceDirect Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / b b a m e m enzymes [16] . For Kv4.2 channels, deletion of the entire NH 2 -terminal domain slows inactivation moderately but does not eliminate rapid inactivation, suggesting that the classical "ball and chain" model is not absolutely suitable for explaining the inactivation of the Kv4.2 channel [17] [18] [19] .
Kv1.4, the mammalian homologue of the Shaker K + channel, has been thought to operate by a "ball and chain" inactivation mechanism, since it has a ball structure at the NH 2 -terminal (the first 38 amino acids of the NH 2 -terminal), the function of which is similar to that of shB [10, 20, 21] . However, its "chain" structure has not been identified clearly. Deleting residues 28-283 (nearly the entire NH 2 -terminal sequence except the inactivation "ball") does not affect inactivation of the Kv1.4 channel [22] , while deleting residues 80-98 or 114-140 of the "chain" region significantly slows or has no change rather than accelerates the inactivation rate of Kv1.4 [10] . These results suggest that the "ball and chain" model is also not suitable for explaining the inactivation kinetics of the mammalian Kv1.4 channel. To get insight into the inactivation mechanism of the Kv1.4 channel, we focused our attention on two highly charged regions between the inactivation ball and the T1 domain of the Kv1.4 channel; a positively charged region between amino acid residues 83-98 (segment A), and a negatively charged region between residues 123-137 (segment B). To investigate the role of these two regions in the process of inactivating the Kv1.4 channel, we constructed a series of mutants. We have shown that it is the electrostatic interaction between the positively and negatively charged segments, rather than a chain structure, which facilitates the rapid inactivation process of Kv1.4 by making it easier for the inactivation ball to access its binding site.
Materials and methods

Construction of Kv1.4 mutants
A schematic representation of the N-terminal of wild type Kv1. 4 and its mutants is shown in Fig. 1 . All these mutants were constructed by overlap extension PCR (polymerase chain reaction). In the first step, standard PCR was employed to create two fragments-named fragment I and fragment II. The sense primers for fragment I, carrying an EcoRI site and corresponding to the starting sequence of template Kv1.4WT, were the same for different mutants. Similarly, the antisense primers of fragment II for different mutants, carrying a BamHI site and corresponding to the ending sequence of Kv1.4WT, were identical. The anti-sense primers of fragment I and the sense primers of fragment II were different for each mutant. The template for the first PCR step for Kv1.4Del A , Kv1.4Neu A , Kv1.4 AA and Kv1.4 BB was the cDNA sequence of Kv1.4WT. Construction of Kv1.4 AexB was the same as that for Kv1.4 AA , except that the template was Kv1.4 BB rather than Kv1.4WT. Two fragments were obtained after the first round of PCR for each of the mutants. The upstream fragment I in each case contained an EcoRI site and an ATG start codon at the 5′-end while each fragment II had a BamHI restriction site and a TAA stop codon at its 3′-end. The two fragments were then linked together using overlap PCR extension. The resulting fragments were ultimately subcloned into a pcDNA3 vector cut with EcoRI and BamHI restriction enzymes (MBI, Ferments, Harrington, Burlington, CANADA). The plasmid containing the mutant DNA was then transformed into DH5α-competent cells. After enzymatic or PCR identification, all the mutants were confirmed by sequencing to ensure the absence of errors.
Cell culture
CHO-K1 cells were grown in Ham's F-12 nutrient mixture (Invitrogen, Co. Grand Island, N.Y.) supplemented with 10% fetal bovine serum, in a humidified 37°C incubator (5% CO 2 ). The cells were passaged twice weekly through exposure to 0.05% trypsin, diluted in 0.5 mM EDTA in PBS. For gene transfection, the cells were transferred to poly-L-lysine coated glass coverslips. After cell density reached 50-70% confluence, pEGFP (Clontech, Palo Alto, CA) was transiently co-expressed with rKv1.4WT or its mutant genes using LipofectAMINE Plus(TM) reagent (Invitrogen). Cells showing GFP fluorescence were chosen after 24 h of transfection for use in electrophysiological experiments.
Electrophysiology
Whole-cell patch-clamp recordings were performed at room temperature with an EPC-9 amplifier (HEKA, Lambrecht, Germany). Pipettes were pulled from borosilicate glass and had a resistance of between 2 and 4 MΩ. Currents were filtered by a 2.9-kHz Bessel filter and recorded with a sampling frequency of 2.0 kHz. Capacitative and leak currents were subtracted, and series resistance compensation (80%) was used for currents exceeding 2 nA. Holding potential was maintained at −90 mV. To obtain activation curves, the currents were evoked by step depolarization to test potentials between − 90 and + 70 mV for 500 ms in 20 mV increments. Steady-state inactivation curves were obtained using a standard two-step protocol, which involved a pre-pulse of 0.5 to 1 s at potentials between −90 and +50 mV (10-mV increments) and a test pulse of +30 mV to determine the fraction of channels inactivated during the pre-pulse.
Data acquisition and analysis
Data were acquired with the Pulse/PulseFit program (HEKA, Lambrecht, Germany) and further analyzed using Origin 7.0 (OriginLab, Northampton, MA). Data are shown as means ± S.E.M. Statistical analysis was carried out by one-way ANOVA using a Bonferroni test. The criterion for a significant difference was p b 0.01.
Results
Effect of neutralization and deletion of the positively charged segment A on Kv1.4 inactivation
To judge its contribution to channel inactivation, the positively charged segment A was neutralized (Kv1.4Neu A ) or deleted (Kv1.4Del A ). The macroscopic current traces of wild type Kv1.4, Kv1.4Neu A and Kv1.4Del A were shown in Fig. 2A -C respectively. Inactivation of both Kv1.4Neu A and Kv1.4Del A was significantly slower than Kv1.4WT. This could be seen clearly when the currents of Kv1.4Del A , Kv1.4Neu A and Kv1.4WT were normalized and superimposed (Fig. 2D) . The inactivation time constants (τ inact ) for Kv1.4Neu A and Kv1.4Del A at +70 mV were 67.6±2.2 ms and 63.5 ±2.6 ms respectively, over two times longer than that of Kv1.4WT (24.5 ± 1.0 ms, Table 1 and Fig. 2E , p b 0.0001). Interestingly, there was no significant difference between the τ inact of Kv1.4Del A and that of Kv1.4Neu A , implying that electrostatic interaction between the positively charged segment A and the other parts of the channel may be involved in the inactivation process of Kv1.4.
Effect of replacing the
positively charged segment A with negatively charged segment B (and vice versa) on Kv1.4
channel inactivation
In order to investigate if there was electrostatic attraction between segment A and segment B, and how this electrostatic interaction influences the inactivation of Kv1.4, we examined the inactivation properties of Kv1.4 AA and Kv1.4 BB channels, in which the two segments were of the same polarity. As shown in Fig. 3A -C, Kv1.4 AA and Kv1.4 BB inactivated much more slowly than that of the wild type Kv1.4 channel. The value of τ inact for Kv1.4 BB was 226.1 ± 8.2 ms (n = 10), which was over 9 times larger than that of Kv1.4WT (Table 1 and Fig. 3D, p b 0.0001) . Kv1.4 AA also had a slower inactivation rate (τ inact of 75.3 ± 1.8 ms; n = 12) compared with Kv1.4WT, being about 3 times longer than that of Kv1.4WT (Table 1 and Fig. 3D, p b 0.0001) . It is noteworthy that these mutants still inactivated much more rapidly than the Kv1.4 2-145 channel (τ inact = 944.1 ± 47.6 ms, Fig. 3C ) that is inactivated by a C-type inactivation mechanism [23, 24] , suggesting that these mutant channels still inactivate by an N-type inactivation mechanism. Thus, replacing the positively charged segment A with negatively charged segment B (and vice versa) significantly slowed down the inactivation rate, regardless of the polarity of the charges. The most reasonable explanation for these results is that the electrostatic repulsion between charges of the same polarity (positively charged A and A, or negatively charged B and B) makes it more difficult for the "inactivation ball" of Kv1.4 to reach its binding site to inactivate the channel. 
Effect of exchanging positively charged segment A with negatively charged segment B on Kv1.4 channel inactivation
To further confirm the electrostatic interactions between positively charged segment A and negatively charged segment B, the position of these two segments was exchanged (Kv1.4 AexB ). There was no significant difference between the current traces of Kv1.4 AexB and Kv1.4WT (compare Figs. 4A and 2A) . The normalized currents of Kv1.4 AexB and Kv1.4WT at +70 mV could almost be superimposed on each other (Fig. 4B) . In contrast to significant differences (p b 0.0001) of τ inact between other mutants and the Kv1.4WT channel, there was no significant difference between Kv1.4AexB and Kv1.4WT (p N 0.01) ( Table 1 and Fig. 3D ). Therefore, exchanging the positions of the two segments with opposite charges did not affect the inactivation of the channel, strongly suggesting that it is the electrostatic attraction between the two charged segments that accelerates the inactivation process of the Kv1.4 channel, probably by making it easier for the inactivation ball to access its binding site to occlude the channel pore.
Effect of elevated [Mg
2+
] i on the inactivation rate of Kv1.4WT, Kv1.4Del A and Kv1.4 BB channel Charge screening effect, which reduces the electrostatic interaction in solution, is the hallmark of electrostatic interactions. The above experiments suggest that electrostatic attraction accelerates and electrostatic repulsion decelerates the inactivation process of the Kv1.4WT and Kv1.4 BB channels, respectively, while the Kv1.4Del A channel has much larger τ inact probably due to lack of the electrostatic interaction. It has been indicated that divalent cations exert more pronounced charge screening effect on electrostatic interaction [25, 26] . Therefore, we compared the effect of low and high [Mg 2+ ] i on the inactivation rate of these three channels. The normalized current traces for each of the Kv1.4WT, Kv1.4Del A and Kv1.4 BB channels in 2 and 20 mM [Mg 2+ ] i are shown in Fig. 7A-C (Fig. 5C and D ] i to 45.6 ±2.6 ms (Fig. 5B and D) , implying that 20 mM [Mg 2+ ] i reduces the repulsion between segment B and other unidentified region of the channel (probably the T1-S1 linker, see discussion). These results provide further evidence that the electrostatic interaction between segment A and B plays dominant role in the inactivation process of Kv1.4 channel, which has been demonstrated by the swap experiment as well.
Voltage dependence of activation and inactivation
To determine whether the voltage-dependent properties of the channels were altered in the mutants, the voltage dependence of activation and inactivation was studied in all the constructs. Activation and steady-state inactivation results are given in Fig. 6A and B. The values of V 1/2 and the slope factor k for activation of the mutants did not show any differences comparing with Kv1.4WT (p N 0.01), suggesting no significant differences in the activation gating between mutant and wild type Kv1.4 channels (Fig. 6A and Table 2 ). For voltage-dependent inactivation, the value of V 1/2 varied between −56.5 and −53.0 mV, while the slope factor k varied between 4.4 and 5.1. Both V 1/2 and k varied in a very narrow range, even though there were statistically significant differences (p b 0.01) for both V 1/2 and k between Kv1.4 AA and Kv1.4WT. These results indicate that the voltage-sensitivity of the channel was not markedly altered by the constructs.
Discussion
As is the case for the Shaker K + channel, Kv1.4 has one or two inactivation ball(s) at its NH 2 -terminus which can inactivate the channel by diffusing into and occluding the channel pore [10, 21, 22, 27] , and so it is often assumed that Kv1.4 is also inactivated through the "ball and chain" model. However, the following pieces of evidence indicate that the Kv1.4 channel does not have an apparent "chain" region: (a) Deletion of residues 80-98 slowed down the inactivation significantly, increasing τ inact by over two-fold [10] . (b) Removing residues 38-162 caused a little slowing of the inactivation rate compared with Kv1.4WT [21] . (c). Large scale deletions (Δ28-283) of the region corresponding to the "chain" had no effect on the rate of inactivation [22] . These experimental results on the inactivation of the Kv1.4 channel are not consistent with those for the shB channel, where shortening the chain region speeds up inactivation. We propose that it is the electrostatic attraction between the positively charged segment A and the negatively charged segment B that governs the inactivation of the Kv1.4 channel. This hypothesis is supported by the following results: (1) Neutralization or deletion of the positively charged segment (residues 83-98) significantly slowed the inactivation process (Fig. 2) , consistent with the results of Tseng-Crank, who deleted residues 80-98 and obtained similarly slowed inactivation [10] . (2) Replacement of the positively charged segment with the negatively charged segment (residues 123-137) slowed the inactivation process, and vice versa (Fig. 3) . (3) The inactivation process was not changed when the positively charged and the negatively charged segments were exchanged with each other, despite their opposite charges (Fig. 4) .
(4) Elevated [Mg
2+
] i not only made an increase in τ inact of Kv1.4WT but also made a decrease in τ inact of Kv1.4 BB (Fig. 5) . This is well explained by the screening effect of elevated [Mg 2+ ] i , which could reduce the electrostatic attraction between positively charged segment A and negatively charged segment B in Kv1.4WT or repulsion between charges of the same polarity on segment B in Kv1.4 BB . In contrast, there were no marked differences in both voltage dependence of activation and inactivation of these mutants (Fig. 6) , suggesting that alterations in inactivation rate should be attributed to mutations in the two charged regions. Similar phenomenon that mutant and wild type channels with different inactivation rate produce no differences in the voltage dependence of activation and inactivation has been reported [17, 28] . Besides, there were no significant changes in recovery rate (Supplementary Fig. 1 and Supplementary Table 1 ). This result is in consistence with the conclusion that recovery from inactivation of the Kv1.4 channel is controlled by the rate of recovery from C-type inactivation so that the rate of recovery from inactivation is insensitive to NH 2 -terminal deletion [23] .
Inactivation of Kv channels can occur by multiple mechanisms that vary in their time and state dependence, and sensitivity to permeant ions and blockers [29] . For instance, enrichment of the plasma membrane with anionic phospholipids can effectively convert rapid inactivation currents into delayed rectifier currents [30] . Besides, it has been reported that C-terminal helix in Kv1.4 exerts its effect on the Ntype inactivation through concerted action with the N-terminus [31] . There are significant difference in inactivation rate between Kv1.4 AA and Kv1.4 BB (Fig. 3) . This difference might reflect the surrounding electrostatic environment exerts different effect on different polarity of them. As C-terminus might directly interact with the N-terminus [31] , it is also possible that the C-terminus might affect the electrostatic interaction between A and B segments. Therefore, the hypothesis of facilitation of channel inactivation by electrostatic interaction is only Table 2 . (B) Voltage dependence of steady-state inactivation curves, which were fitted with the Boltzmann equation using the parameters given in Table 2 . Table 2 Parameters for voltage-dependent activation and inactivation. Voltage dependence of the activation curves was fitted with the Boltzmann equation: G/Gmax = 1/[1 + exp (V 1/2 − V)/k], where V 1/2 is the voltage at which the conductance was half-maximal, V is the test potential, and k is the slope factor for the activation curve. Voltage-dependent steady-state inactivation curves were fitted with the following Boltzmann equation: I/Imax = 1/[1 + exp(V − V 1/2 )/k], where I is the peak current during the test pulse following a pre-pulse at potential V; I max is the maximum peak current at the test potential; V 1/2 is the midpoint potential of inactivation, and k is the slope factor of the curve.
Mutants
Activation Inactivation part of the story and further studies are necessary to get deeper understanding of the rapid inactivation process. Nevertheless, this study, for the first time, proposed a mechanism that an electrostatic interaction shortens the "chain", increasing the probability that the "inactivation ball" finds it site. The hypothesis that channel inactivation is accelerated by the electrostatic attraction between the positively and negatively charged segments which are both located between the inactivation ball and the T1 domain of the Kv1.4 channel, is different from the "ball and chain" inactivation model of shB. The simple schematic drawing in Fig. 7 explains the modified inactivation mechanism of Kv1.4. Electrostatic attraction shortens the distance between the inactivation ball and its binding site and makes Kv1.4 inactivate efficiently. In contrast, there are no such charged segments and no electrostatic attraction to restrain the movement of the inactivation ball in the shB channel. Thus, for the inactivation ball to occlude the channel it must diffuse to the binding site into the pore. Therefore, shortening the chain speeds up inactivation, while increasing the length of the chain slows inactivation [6] .
The inactivation ball of shB is composed of a hydrophobic region and a slightly positively charged hydrophilic region. The long-range electrostatic interaction between the slightly positively charged hydrophilic region of the inactivation ball and the negatively charged binding site in the pore has been shown to play an important role in the inactivation process of shB by enhancing the diffusion rate of the inactivation ball towards its binding site [6] . Similar to shB, the inactivation domain of Kv1.4 also includes a slightly positively charged region next to a hydrophobic region. The positive charges in the hydrophilic region have also been demonstrated to speed the inactivation process through long-range electrostatic attractions with the acidic amino acids in the T1-S1 linker region [32, 33] . In this study, we focused on the electrostatic interactions between the highly positively charged segment A and the highly negatively charged segment B of the Kv1.4 channel. However, a long-range electrostatic interaction between these two charged segments and the acidic amino acids in the T1-S1 linker region cannot be ruled out. We have shown that Kv1.4 BB , with two segments bearing negative charges, slowed inactivation to a larger extent than Kv1.4 AA which has two segments carrying positive charges. Therefore, besides interacting with each other, segment A and segment B are also likely to interact with the acidic amino acids in the T1-S1 linker through long-range electrostatic interactions. This inference is in good agreement with our finding that elevated [Mg 2+ ] i accelerated the inactivation process of the Kv1.4Del A channel, because the screening effect of elevated [Mg 2+ ] i could reduce the repulsion between segment B and the T1-S1
linker as well. An electrostatic interaction between A and B shortens the chain would imply that deletion of B should result in slowing down of inactivation equivalent to that seen in the deletion of A. However, Tseng-Crank et al. reported that deletion of the region corresponding to segment B (Deletion IV in their publication) has little effect on inactivation [10] . Based on the above consideration, it is highly likely that amino acids in T1-S1 linker of the Kv1.4 channel may compensate the effect of segment B to interact with segment A when the segment B was deleted. In summary, our findings strongly suggest that electrostatic attraction between the two highly charged segments replaces the function of the "chain" in the shB channel by accelerating the inactivation process of the Kv1.4 channel.
